Purpose: To describe a funduscopic sign that can be used to differentiate between optic disc drusen (ODD) and optic disc oedema (ODE). Methods: A total of 73 eyes from 73 consecutive subjects with disc margin blurring who had been evaluated using spectral-domain optical coherence tomography (SD-OCT) were included. Final diagnosis was made by SD-OCT; ODD was defined by direct visualization of ODD, while ODE was defined by documentation of retinal nerve fibre layer oedema (nasal retinal nerve fibre layer thickness >78.0 lm). Peripapillary retina was selected as a two-disc-diameter-sized square image from the fundus photograph. Using MATLAB software, colour photographs were converted to indexed image of eight colours. Presence of a smooth contour strip between the nasal disc margin and juxtapapillary retina was defined as a halo. Whether the halo could predict the ODD was analysed retrospectively. Results: The halo sign was detected in 45 eyes (100%) with ODD including one eye with both ODD and ODE. No eyes with ODE alone showed the halo sign. The halo sign implied the presence of ODD (Cohen's kappa = 1.000, p < 0.001) and the absence of ODE (Cohen's kappa = 0.971, p < 0.001). The halo sign showed a good interobserver reliability [ICC (2, 1) = 0.944, 95% confidence interval 0.912-0.964]. SD-OCT images showed that halos represented retinal elevations above ODD. Conclusions: In the patients with blurred disc margin, the presence of a halo strongly suggested underlying ODD rather than ODE.
Introduction
Protruded optic discs are clinically important as they could be true optic disc oedema (ODE) with serious neuroophthalmologic conditions (Hoyt & Pont 1962) . Optic disc drusen (ODD), which are laminated hyaline bodies within the optic nerve head, could lead to hard amorphous optic disc elevations mimicking ODE (Auw-Haedrich et al. 2002) . Therefore, diagnosis of ODD is very important to prevent an extensive, invasive and unnecessary neuro-ophthalmologic work-ups (Leon et al. 2014; Moosajee et al. 2015) .
The prevalence of crowded optic discs was 3.8% (You et al. 2008) , while that of funduscopically visible ODD was 0.2% in adult Chinese population in the Beijing Eye study (You et al. 2009 ). This prevalence gap implies that visualization of ODD on fundus examination could not be enough to detect hidden buried ODD. Calcification could be detected by B-scan ultrasound or computed tomography (Kurz-Levin & Landau 1999; Neudorfer et al. 2013; Chiang et al. 2015) . Unfortunately, a B-scan ultrasound failed to show signs of ODD in more than half the eyes with suspicion of buried ODD (Kurz-Levin & Landau 1999) . Fundus autofluorescence imaging is also useful in diagnosing ODD (Kelley 1974; Kurz-Levin & Landau 1999; Gili et al. 2013a,b) . However, the detection rate was not reliable especially in the buried ODD reflecting attenuation from overlying tissue (Mustonen & Nieminen 1982; KurzLevin & Landau 1999; Chang & Pineles 2016) .
Spectral-domain optical coherence tomography (SD-OCT) offers several advantages in the diagnosis of ODD. Compared with ultrasonography, SD-OCT offers better lateral resolution and image quality (Coleman et al. 2004; Hassenstein & Meyer 2009; Merchant et al. 2013) . Spectraldomain optical coherence tomography (SD-OCT) allows direct visualization of ODD (Yi et al. 2009; Patel et al. 2010; Wester et al. 2010; Lee et al. 2011 Lee et al. , 2013 Slotnick & Sherman 2012; Merchant et al. 2013; Sato et al. 2013) and retinal nerve fibre layer (RNFL) analysis (Lee et al. 2011) ; thus, it could be used to differentiate ODD from ODE (Johnson et al. 2009; Lee et al. 2011) . Spectral-domain optical coherence tomography (SD-OCT) is also very useful in challenging cases complicated by retinal haemorrhages (Lee et al. 2014) or optic nerve tumours (Lee et al. 2015) , which are both important to rule out the possibility of ODE. However, SD-OCT may not be available in every clinic. In addition, SD-OCT is still expensive and needs co-operation of the subjects, especially in children who mostly have buried ODD (Chang & Pineles 2016) . In this aspect, funduscopic diagnosis has merits even in the era of SD-OCT. Several studies were reported to differentiate true ODE from ODD using colour fundus photography (Carta et al. 2012) or monochromatic fundus photography with different filters (Gili et al. 2013a,b) . Interestingly, we found characteristic halos on the fundus photographs with buried ODD. The purpose of this study was to describe a funduscopic halo sign which was highly suggestive of buried ODD in patients with blurred disc margin.
Patients and Methods

Participants
This study was approved by the Institutional Review Board at Seoul National University Bundang Hospital, and informed written consent was obtained. This study also adhered to the tenets of the Declaration of Helsinki.
This was a retrospective study using medical records from September 2009 to December 2012. Consecutive patients who had documented disc margin blurring on fundus photographs and were evaluated of the disc pathology using SD-OCT were included. All patients in the neuroophthalmology clinic, from one of the authors (J-M.H.) at our institution, were included and underwent the same full ophthalmologic examination, including best-corrected visual acuity (BCVA) measurement, dilated funduscopic examination, fundus photography (EOS D60 digital camera, Canon, Utsunomiyashi, Tochigiken, Japan) and SD-OCT (Spectralis, Heidelberg Engineering, Heidelberg, Germany).
Exclusion criteria were as follows: a spherical refraction of less than À9.00 D or greater than +7.00 D, a cylinder correction of greater than 3.00 D and poor image quality of fundus photographs or SD-OCT, when a goodquality image (i.e. quality score >15) could not be obtained for more than five sections from a SD-OCT disc scan (when the quality score does not reach 15, the image acquisition process automatically stops and the image of the respective sections cannot be obtained). As only the patients with blurred disc margin were included, patients with definite ODD, which could be detected on fundus examination, were excluded. We also excluded when the SD-OCT was performed later than 1 week from the day of fundus photography taken as ODE could disappear with the delay of confirmatory test. As the majority of ODE patients had BCVA of less than 20/40, we did not exclude patients with poor BCVA; we only excluded those with poor image quality. When both eyes were eligible, the eye with a greater blurring of the optic disc margin was selected for data analysis.
Diagnosis of ODD and ODE using SD-OCT
For the confirmatory test, the optic nerve head was imaged using SD-OCT. In short, approximately 37 horizontal B-scan section images that cover the optic disc and the peripapillary area were obtained for each eye (the scan line distance being determined automatically by the instrument). The diagnosis of buried ODD was confirmed by revealing localized masses between the outer retina and the choroid. The diagnosis of ODE was performed when the nasal RNFL thickness was larger than 78.0 lm (Lee et al. 2011) , or when RNFL thickness was definitely increased despite the segmentation failure due to severe thickening. Patients who were diagnosed as ODE were evaluated further to find out the neuro-ophthalmic aetiology. During the study period, 75 eyes from 75 subjects were evaluated because of disc margin blurring. Among them, two eyes were excluded due to high hyperopia (+8.00 D) and poor SD-OCT image quality, respectively, resulting in a final sample of 73 eyes with disc margin blurring. The study included 44 eyes with ODD, 28 eyes with ODE and one eye with both ODE and ODD. The causes of ODE were as follows: 10 patients had nonarteritic ischaemic optic neuropathy, six patients had papilloedema, five patients had diabetic papillopathy, three patients had optic neuritis, two patients had Vogt-Koyanagi-Harada disease, two patients had idiopathic disc oedema, and one patient had hypertensive retinopathy.
Determination of halo using the fundus photography
To evaluate and compare the fundus photographs, we standardized all fundus photographs. First, the fundus photographs were cropped into the two-disc-diameter-sized square images. Using MATLAB (2013a version; The MathWorks, Inc, Natcik, MA, USA), colour images were read as RGB images which were composed of three stacks of greyscale images: red, green and blue, respectively. Then, RGB image was converted to an indexed image by the 'rgb2ind' function which uses minimum variance quantization method to build an indexed image with limited number (Fig. 1) (Wan et al. 1990 ).
We arbitrarily used indexed images with eight colours. Although the colours between subjects varied a lot, several distinctive points could be made on the colour spectrum of the peripapillary retina: cup of the disc, rim of the disc, juxtapapillary retina, peripapillary retina and retinal vasculature (Fig. 1B) . A halo was defined as a presence of a bright-coloured, smooth contour strip between the nasal disc margin and the juxtapapillary retina (Fig. 1D, between arrows) . Two independent observers (K.M.L. and S.J.W.) classified each eye into either halo-positive or halo-negative eyes on a liquid crystal display monitor. In case of a disagreement between the two observers, the final decision was made by a third adjudicator (J-M.H.).
Statistical analysis
Demographic data were compared using independent t-test and chisquare test. The concordance index between the halo sign and buried ODD was obtained by Cohen's kappa. Interobserver reliability test was obtained by an intraclass correlation coefficient (ICC). All statistical analyses were performed by commercially available software (Stata version 13.0; StataCorp, College Station, TX, USA).
Results
A halo sign was observed in 45 eyes (44 eyes with buried ODD and one eye with buried ODD and ODE). Optic disc oedema eyes without buried ODD did not show a halo sign in all cases. Despite the differences in severity, all halo signs had a common feature, a brighter strip encompassing the nasal side of the disc with a relative smooth contour that ran parallel to the inner disc margin (Fig. 2) . Halo signs showed perfect concordance with a presence of buried ODD [Cohen's kappa index = 1.000 (p < 0.001)] and an absence of ODE [Cohen's kappa index = 0.971 (p < 0.001)]. The interobserver disagreement was observed in two eyes (3%), and ICC (2, 1) was 0.944 (95% confidence interval, 0.912-0.964).
Margin blurring of ODE differed from the halo signs with respect to the following characteristics; it had an irregular margin related to the RNFL striae and was not confined to the nasal side, and blurring did not have a clear margin against the optic disc or the peripapillary retina (Fig. 3) .
Spectral-domain optical coherence tomography (SD-OCT) showed a heterogenous mass (buried ODD) under the retina along the funduscopic halo (Fig. 4) . The outer and inner borders of a halo corresponded to the margin of RNFL elevation due to ODD and the Bruch's membrane opening, respectively (Fig. 4A) . In one case, visible ODD was found within the halo and buried ODD (Fig. 4B ).
Discussion
In this study, we demonstrated a funduscopic sign -a halo sign which strongly favoured ODD rather than ODE. The halo was characterized as a C-shaped, smooth contour strip along the nasal disc margin, sparing the temporal disc margin. In the crosssectional images of SD-OCT, the halo corresponded with the area of retinal elevations above the buried ODD. The halo sign was not observed in the ODE eyes with true RNFL thickening. In the eyes with ODE, the oedema did not involve the temporal side and had the serrated borders according to the retinal striae, which were perpendicular to the inner disc margin. We speculated that such differences may arise because ODE-associated disc blurring was caused by true RNFL thickening, while ODD-associated halos reflected only RNFL elevations due to ODD.
The presence of ODE often implies a serious neuro-ophthalmologic condition. Papilloedema requires urgent intervention to relieve increased intracranial pressure. For this reason, disc swelling needs to be approached with great caution and should include extensive neurologic examinations in certain cases. Although ODD has a benign natural course, it may resemble ODE (Baehring & Biestek 2005) . Therefore, differentiation between ODD and ODE is very important. However, differentiation is more difficult when ODD are not located superficially. In cases where ODD were not clearly visible -but there was a high suspicion of their presencefundus autofluorescence may be helpful, because ODD might have fluorophores which contrasted to the non-fluorescence within the optic disc (Kelley 1974; Kurz-Levin & Landau 1999; Gili et al. 2013a,b) . However, fundus autofluorescence also had limitations to find out buried ODD possibly by the attenuation from overlying tissue (KurzLevin & Landau 1999) . In this context, the halos of our study had clinical importance because they were funduscopic signs favouring ODD when funduscopic examinations could only reveal the protruded discs.
To measure halo signs more objectively, we transformed fundus photographs to indexed images. RGB colour images were composed of three stacks of greyscales (red, green and blue, respectively). Minimum variance quantization method enabled categorization of colours into a given number of colours (Wan et al. 1990) . Minimum variance quantization is used in the clustering and segmentation of the medical images (Valdes Hernandez Mdel et al. 2012) . We arbitrarily used indexed images of eight colours. Despite the individual variations of colours, colours should be categorized into several distinctive points such as cup of the discs, rim of the discs, peripapillary retina and retinal vessels. A halo was observed as another layer of strip between the optic disc and juxtapapillary retina especially in the nasal side. Indexed images not only define the halo more objectively, but also demonstrate the surface irregularities of ODE, serrated margins compared with the smooth contour of halos. It may be worthy to note one case that had both buried ODD and ODE from the initial presentation (Fig. 5) . Six years later, ODE disappeared, while buried ODD remained. With ODE, the margin had serrations that reflected true RNFL oedema (Fig. 5A,B) . With the disappearance of ODE, a smooth margin by buried ODD appeared (Fig. 5D,E) . The halos observed in our study were similar to a modified Frisen grade 1 of ODE (Frisen 1982; Scott et al. 2010) ; (1) a C-shaped halo that is subtle and greyish with a temporal gap obscuring the underlying retinal details, (2) disruption of normal radial nerve fibre arrangement striation and (3) normal temporal disc margin. We speculated that the important differential point was smooth contour of the halos. With the true RNFL oedema, the surface retinal tissue would protrude irregularly depending on the regional differences of oedema. In the halo of ODD, the blurred margin had a smooth contour, parallel to the disc margin suggesting RNFL elevation without oedema. In addition, many cases of ODE may progress and eventually involve the entire discs as oedema increases. In contrast, the halos of ODD never involved the temporal disc margin, regardless of the halo size. Therefore, a large blurred disc margin, which spared the temporal side, would favour buried ODD over ODE. Our report could be important for two reasons. Firstly, we proposed a funduscopic sign favouring ODD in the cases with blurred disc margin and without funduscopically observable surface ODD. This proposed method could be used given that fundus photographs were taken. Given that buried ODD are more prevalent in the children who could not be fully cooperative for the confirmatory tests . Now, the margin of halo became smooth and was parallel to the inner disc margin (E).
such as SD-OCT and B-scan ultrasonography, halo could be a valuable sign to decide watchful waiting rather than further examinations. Secondly, we proposed a new methodology that could reflect the surface protrusion of peripapillary retina without additional examinations. The severity of ODE has been assessed by a modified Frisen grade (Frisen 1982; Scott et al. 2010) or angiographic study (Pineles & Arnold 2012) which are subjective scaling methods. Indexed images could be used to modify the subjective scaling system in the future as they were used to define halos more objectively in this study.
There are some limitations in this study. Firstly, at present, SD-OCT is not a universally accepted gold standard for detecting ODD. However, SD-OCT has shown to produce better resolution images of ODD than the past standard diagnostic modality (ultrasonography) (Kurz-Levin & Landau 1999; Coleman et al. 2004; Hassenstein & Meyer 2009; Merchant et al. 2013) , and it also provides quantitative data on RNFL thickness, which is also useful in the differential diagnosis of ODD from ODE (Lee et al. 2011) . Therefore, SD-OCT could become the new gold standard for the diagnosis of ODD in the near future. Secondly, we were unable to determine the sensitivity of halo signs. In small buried ODD, halos could not be observed. As we included eyes with margin blurring, the exact diagnostic power of the halo sign for eyes with minimal margin blurring was not clearly established. Clinicians should keep in mind that mild ODE and small halos can look similar. Spectral-domain optical coherence tomography (SD-OCT) was reported to have limited value in differentiating mild ODE cases despite RNFL thickness analysis (Kulkarni et al. 2014) . Clinical significance is related to the size of blurring. If the extent of blurred margin is small, buried ODD or ODE would be also small, with less clinical importance. We speculated that the halo sign would be very helpful in the eyes with definite blurred optic disc margin which need a prompt decision making. Lastly, third adjudicator, who had enrolled the patients, was not blinded to the final diagnosis. Although most cases were determined either halopositive or halo-negative eyes by the two independent observers who were blinded to the subject information, the choice of third adjudicator would be a limitation.
In conclusion, blurred disc margin induced by ODD was characterized by a halo sign -a C-shaped strip along the nasal disc margin. The smooth contour of halo reflected the retinal elevation and it contrasted to the irregular contour induced by ODE. This sign appears to be helpful in differentiating ODD from ODE in the eyes with blurred disc margin.
